ABSTRACT
INTRODUCTION
Composite biopolymer-calcium phosphate systems are very interesting from the point of view of the applications in reconstruction and regenerative medicine, maxillofacial surgery etc. because of possibility adjusting appropriate properties according to requirements of medical practice. Polyhydroxybutyrate (PHB) belongs in the group of hydrophobic natural biodegradable polymers which decomposes to acidic products during degradation in aqueous solutions. The acidosis may cause the damage of the surrounding tissue which is a serious problem in biomedicine. The problem was succesfully solved by the application of basic calcium phosphates or carbonated calcium phosphates, which neutralised acid biopolymer degradation products [1, 2, 3, 4] . PHB-calcium phosphate composites have been generally prepared by the solvent method, wet or hot compression and injection moulding [5] [6] [7] [8] . Ni et al. [9] studied the effect of hydroxyapatite (HA) content on mechanical properties and bioactivity in PHB-HA composites. Chen [10] found that the addition of HA particles to PHB-PHV copolymer (polyhydroxyvalerate) reduced the thermal stability of the biopolymer while the melting temperature was only slightly affected. Polyhydroxybutyrate/hydroxyapatite nanocomposite exhibited a pronounced cell differentiation resulting from a high surface roughness and large amount of exposed hydroxyapatite [11] . It has been shown that the degradation of biopolymer component in PHBV/HA and PHBV/TCP composites increased more rapidly and the mineralization reactions occurred on PHBV/TCP in SBF solution [12] . The utilization of more hydrophobic PHB biopolymers in CPC composites with a slower degradation rate could significantly affect the final composite properties and microstructure.
The chitosan (CHIT) represents non-toxic polysaccharide biopolymers with inductive and stimulative activities on connective tissue rebuilding [5] . In blends prepared by mutual mixing and melting, the intermolecular interaction between polyhydroxybutyrate and chitosan chains was verified [13, 14] . Rajan et al. [15] studied the thermal and mechanical properties of PHB-CHIT composites prepared by mechanical mixing in a microcompounder. A decrease in polyhydroxybutyrate crystallinity with a chitosan content in polyhydroxybutyrate-chitosan blends obtained by mixing the biopolymer solutions dissolved in co-solvent (1,1,1,3,3,3-hexafluoro-2-propanol (HFP)) has been observed. Soluble (in chloroform) PHB-CHIT composites and fibers exhibited non-toxic behavior [16] . A porous biphasic calcium phosphate/chitosan/ polyhydroxybutyrate asymmetric membrane was used for the stimulation proliferation of gingival fibroblasts and osteoblasts [17] .
In this paper, the possibilities of the preparation and properties of novel composite powder polyhydroxybutyrate-chitosan-calcium phosphate system for self-setting biocement applications were evaluated. The presented system have an advantage in comparison with actually developed systems in above papers because the hardening liquid used in composite represents commonly applied phosphate solutions which allows the simple preparation of cement paste than in the case of the utilization of more viscous polymer solutions.
EXPERIMENTAL PROCEDURE
Tetracalcium phosphate (Ca 4 (PO 4 ) 2 O) was prepared by annealing an equimolar mixture of calcium carbonate (CaCO 3 , analytical grade, SigmaAldrich) and dicalcium phosphate anhydrous (DCPA) (CaHPO 4 , Fluka, (Ph. Eur.), Fluka), at 1450 °C for 5 h. After cooling, the product was crushed by milling in a planetary ball mill (Fritsch) for 2 h and the phase purity was evaluated using the X-ray powder diffraction analysis (XRD, Philips X Pert Pro). The powder tetracalcium phosphate/nanomonetite cement mixture (TTCPMH) was synthesized by in situ reaction between tetracalcium phosphate and diluted solution of the orthophosphoric acid (analytical grade, Merck) in ethanol (1:4). The ethanolic orthophosphoric acid solution/tetracalcium phosphate ratio was 1. The H 3 PO 4 was added at such an amount that the final Ca/P mole ratio in powder mixture was equal to 1.67, which corresponds to the Ca/P mole ratio in HA.
The polyhydroxybutyrate (GoodFellow)/chitosan (SigmaAldrich, middle) ratio in blends equals 1:1 and they were prepared by mixing of PHB (dissolved in propylene carbonate) and chitosan (in 0.5 % acetic acid) solutions. The powder mixture suspensions were prepared by mixing of biopolymer solutions and TTCPMH powder using a magnetic stirrer at 400 rpm. The content of biopolymer component in composite mixture was 10 wt %. After 10 min mixing, the acetone was slowly added to suspension for the complete precipitation of biopolymers. Final suspension was filtered, washed with distiled water and dried at 100°C/ 2h. The 4 wt% NaH 2 PO 4 solution (analytical grade, Sigma Aldrich) was used as a hardening liquid with the powder/liquid ratio equal 2. The hardening liquid was added to the powder mixture and resulting pastes were packed in stainless cylindrical form (6 mm D × 12 mm H). Samples were hardened in 100 % humidity at 37 °C for 10 min and soaked in simulated body fluid (SBF, prepared according to [18] , V SBF = 75 ml) at 37°C for 7 days.
The compressive strength was measured after hardening of samples for 7 days in SBF at 37 °C (5 samples) on a universal testing machine (LR5K Plus, Lloyd Instruments ltd.) at a crosshead speed of 1 mm/min. The mean value and standard deviation were calculated from measured values. The setting times of cement pastes were evaluated according to ISO standard 1566 (Vicat method).
The phase composition of samples was analyzed by X-ray diffraction analysis (Philips X´ PertPro, using Cu Kα radiation), infrared spectroscopy (SPECORD M80, 400 mg KBr + 1 mg sample) and differential scanning calorimetry (DSC), thermogravimetric analysis (TG, Mettler 2000C). The microstructures of fractured surfaces of samples were observed by field emission scanning electron microscopy (JEOL FE SEM JSM-7000F).
Relative densities of the samples were calculated from their masses and dimensions. The true density of powder composites was measured by helium pycnometer (AccuPyc II 1340).
MC3T3 mouse osteoblasts (ECACC, Salisbury, UK) were cultured in culture flasks (SPL Life Sciences, Korea) with MEM (Minimum essential medium) with Earles balanced salts, 2 mM L-glutamine (SAFC Biosciences, Hampshire, UK), 10% fetal bovine serum (Sigma-Aldrich) and ATB-Antimycotic (Penicillin, Streptomycin, Amphotericin) solution (Sigma-Aldrich) at 37ºC in 5% CO 2 atmosphere with 95% humidity in an incubator (Memmert). The medium was changed every 2 days. After the cells reached about 80% confluence, they were harvested by trypsinization with 0.25% Trypsin-EDTA (SigmaAldrich) solution followed by the addition of fresh medium to create cell suspension. Substrates were sterilized in an autoclave at 121°C and they were placed in a 48-well suspension plate, seeded with 2.0x10 4 cells in 500 μL of complete medium and cultured at 37°C in 5% CO 2 and 95% humidity in an incubator for 5 days. The density, distribution and morphology of the MC3T3E1 cells grown on the tested discs were visualized with fluorescent live / dead staining (fluorescein diacetate / propidium iodide) by an inverted optical fluorescence microscope (Leica DM IL LED, blue filter).
RESULTS AND DISCUSSION
In Fig.1 , the XRD patterns TTCPMH cement mixture, starting composite powder, PHB-CHIT blend and composite after 7 days setting are shown. The strong lines from reflections of (020), (110), (101) and (121) PHB planes [19] verify a higher fraction of the crystalline PHB component in PHB-CHIT blends contrary to the amorphous character of chitosan (Fig.1a) . Lines from the nanocrystalline monetite were found in XRD patterns of TTCPMH cement mixture (Fig.1b) . In composite, lines from reflections of PHB and components of TTCPMH mixture were identified and a larger amount of amorphous phase can be visible in record (Fig.1c) . The presence of amorphous phase is probably result of the rise in an amount of the amorphous biopolymer component after mutual mixing with calcium phosphates from the TTCPMH due to degradation of biopolymers [20, 21] . The nanoapatite phase was formed during the transformation of calcium phosphate mixture and the pure nanocrystalline hydroxyapatite phase (JCPDS 24-0033) was found after 7 days of setting in SBF. The crystallinity size calculated from the reflections of (002) hydroxyapatite plane using the Scherrer equation was about 27 nm. Note that none other lines were observed in the XRD patterns including lines from biopolymers, which could be caused by coating of biopolymer fibers by the hydroxyapatite layer.
In FTIR spectra of the composite before and after 7 days of setting in SBF, the band at wavenumber of 1721 cm -1 characterizes C=O stretching vibration [22] of PHB and bands at 1631 and 1555 cm -1 partially overlapped with the bending vibrations of physically adsorbed water (at around 1650 cm -1 ) can be assigned to the chitosan amide I C=O vibrations and the imide II N-H deformation vibrations respectively [23, 24] .
Fig. 1. XRD diffraction patterns of the PHB-CHIT blend (a), TTCPMH origin mixture (b), TTCPMH-PHB-CHIT composite powder mixture (c) and TTCPMH-PHB-CHIT cement samples after 7 days of hardening in SBF at 37°C (d). (P-polyhydroxybutyrate, Mmonetite).
The bands in the region between 1120 and 1300 cm -1 ascribe the stretching vibrations of the C-O-C ester groups of biopolymers [25] and they are overlapped with peaks from the OH plane bending vibrations at 1409 and 1352 cm −1 and shoulders at 1133 and 911 cm −1 characteristic for ν 3 stretching vibrations of P-O and P-O(H) monetite bonds (Fig.2a) . In spectra of composite after 7 days of setting (Fig.2b) , the weakly resolved peak from OH bending hydroxyapatite vibrations at 633 cm -1 , bands from hydroxyapatite phosphate group vibrations around 1094, 1036 cm -1 and 962 cm -1 (antisymmetric (ν 3 ) and symmetric (ν 1 ) P-O stretching vibrations) and O-P-O bending (ν 4 ) vibrations at 564 and 602 cm -1 were found [26] . Besides, the peaks from vibrations of CO 3 2-group in hydroxyapatite located at 873 and 1421, 1457 cm -1 can be seen in spectrum, which clearly demonstrate the formation of B-carbonate hydroxyapatite type in SBF solution. Note that none bands from the vibration of phosphate group in tetracalcium phosphate (e.g. at dublets at 940, 946 and 955 and 962 cm -1 (ν 1 symmetric stretching mode) and fine splitting of band between 987 and 1133 cm -1 (ν 3 degenerate stretching mode) [27] ) so as bending O-P-O(H) vibrations of monetite bonds fully vanished from spectrum. This fact revealed completely transformation of cement components to hydroxyapatite. The morphology of origin calcium phosphate particles in TTCPMH cement mixture is shown in Fig. 3 a,b . The powder cement mixture is composed of agglomerates of irregularly shapes particles up to 15 µm size with the submicron monetite particles located at surface of agglomerates. The insignificant change in agglomerate size was observed after an addition of biopolymers to the cement mixture but in a more detailed micrograph (Fig.3d ), agglomerates were a more spherical and smoother than in the case of the origin TTCPMH mixture. This morphology can be explained by the creation of the thin biopolymer layer on surface of particles. Besides some part of biopolymers was distributed between individual agglomerates in the form plate-like fibers. In the microstructure of composite cement after 7 days setting at 37 °C in SBF, the particle agglomerates of cement preserved both the similar size (2-15 µm) and the origin globular morphology of agglomerates in composite powder. The microstructure is not compact and individual agglomerates of nanocrystalline needle-like hydroxyapatite particles are very weak mutually bonded. A large amount of irregularly shaped micropores of 1-2µm size and longer plate-like fibers of biopolymer coated with fine hydroxyapatite particles were identified in hardened composite. The average true density of transformed composite cement matrix measured by the He pycnometry was 2.65±0.03 g.cm -3 , which clearly indicates reduction in the density of calcium phosphate cement by admixing of biopolymer components. and microstructure of composite cement after 7 days of hardening in SBF at 37°C (e,f).
The calculated porosity of hardened dry composite substrate (where the measure density of composite matrix equals true density) was approx. 62% and the density of composite samples calculated from dimensions and mass was 0.9940 ±0.005 g.cm -3 , which corresponds with the porosity of composite samples observed by SEM. Note that the porosity of TTCPMH cement prepared by the same method was around 35-40 %. The real porosity in wet state of composite substrate can be lower due to chitosan swelling in composite matrix. The significant decrease in the compressive strength of composite cement after 7 days of hardening in SBF from about 50 MPa for TTCPMH cement mixture to 8 ± 0.8 MPa was found in composite. This fact resulted from the high porosity of composite samples, lower compactness and insuficient cement particles bonding at boundaries of agglomerates. The measured CS is close to CS of trabecular bone in region of CS 5-10 MPa [28] . A much lower CS (around 1.4 MPa) and slower transformation rate of tetracalcium phosphate were measured in composite with 3% of chitosan added to hardening liquid mixture with orthophosphoric acid [29] . The addition of PHB-CHIT biopolymer blend had strong effect on the setting time, which was prolonged from 5 min for TTCPMH cement mixture to about 45 minutes. The probably reason for such a longer setting time is slower rate of cement component transformation in composite because of the lower diffusion of calcium and phosphate ions released from hydrolyzed tetracalcium phosphate particles and gradually dissolved monetite across the biopolymer layer deposited on powder composite agglomerate particles. The wash-out resistance was characterized by the time at which no disintegration of samples was observable in SBF solution. The composite samples were resistant to wash-out after 5 minutes from the composite paste mixing.
The wash-out resistance was verified in composite CPC cement with addition around 15% chitosan malate as one of components in hardening liquid and shorter setting time around 7 minutes. Besides the lower degree of transformation (approx. 74 %) of microcrystalline calcium phosphate cement components to very fine globular nanohydroxyapatite particles was detected in these composites after 7 days of setting [30] . Similar values of CS (11 MPa) were found in CPC chitosan composites (15% of chitosan addition in hardening liquid) with 90% degree of the transformation of calcium phosphates after 7 days of setting [31] . For documentation of a low cytotoxicity of composite samples, the live/dead staining of osteoblasts cultured on PCH blend and composite sample cultured for 5 days at 37 °C in MEM was carried out. PCH blend represents negative sample with low cytotoxicity (see ref. [32] ). The approximately the same density of live cells is visible on both surfaces as resulted from comparison of images (Fig.4) , which verifies similar cytotoxicity behaviour of cells. Fig.4 . Live/dead staining of PCH blend (a) and composite samples (b) after culture of osteoblasts for 3 days at 37 °C in MEM (magnification 100x).
CONCLUSIONS
The non-cytotoxic composite powder polyhydroxybutyrate-chitosan-CPC system with 10 wt % content of biopolymer component was prepared by the simple precipitation method. The composite system can be utilized as self-setting CPC biocomposite cement with longer setting time but fully wash out resistant after 5 minutes of setting. The compressive strength of composite samples was around 8 MPa which is close to CS of trabecular bone. The measured 62 % porosity of composite allows the diffusion of nutritients from body fluids across the cement microstructure after application in bone defect. The simple preparation of cement paste with currently used alkaline phosphate hardening liquids represents the main advantage compared to systems developed in other studies.
